The work of this paper is a first step of the new paradigm, to use the Moist Potential Vorticity Vector (MPVV) as a diagnostic variable of rainfall events in Tanzania. The paper aims at computing and assessing the usefulness of MPVV in the diagnosis of rainfall events that occurred on 08 th and 09 th May 2017 over different regions in Tanzania. The relative contributions of horizontal, vertical components and the magnitude of MPVV on diagnosis of rainfall events are assessed. Hourly dynamic and thermodynamic variables of wind speed, temperature, atmospheric pressure and relative humidity from the numerical output generated by the Weather Research and Forecasting (WRF) Model, running at Tanzania Meteorological Agency (TMA) are used in computation of MPVV. The computed MPVV is then compared with WRF model forecasts and observed rainfall. It is found that in most parts of the country, particularly over coastal areas and North-Eastern Highlands, MPVV exhibited positive values in the lower troposphere (925hPa) and (850hPa) indicating local instability possibly associated with topographic effects, and continent/ocean contrast. MPVV is mostly positive with slightly negative values indicating instabilities (due to possible convective instability). Moreover, MPVV provides remarkably accurate tracking of the locations received rainfall, suggesting its potential use as a dynamic diagnostic variable of rainfall events in Tanzania.
Introduction
The economy of Tanzania largely depends on rain fed agriculture, hence there is an urgent need for better rainfall prediction in the country (Chang'a et al., 2010; Kijazi & Reason, 2009 ). However, rainfall prediction over different regions of Tanzania is difficult due to several factors that contribute to its formation and distribution. These include, complex topographical terrain, numerous inland large water bodies, variation in vegetation types, land-ocean contrasts, planetary waves (Rossby waves), tropical waves (Madden-Julian oscillation), atmosphere-ocean interactions (El Niño-Southern Oscillation) and atmospheric-land-ocean interactions (Inter Tropical Convergence Zone) (Zhang, 2013; Schneider et al., 2014) . Many physical processes that contribute to the formation and distribution of rainfall associated with the aforementioned factors are not well known and hence difficult to be modeled explicitly in prediction models. As a result the contemporary weather and climate models suffer a pitfall to predict rainfall over different regions in Tanzania.
In order to improve the skills of weather and climate models to predict rainfall, it is important to understand physical processes on formation of rainfall from local and large scale atmospheric circulations and parameterize them in weather and climate models. However, this can be limited by understanding of all physical process involved in the formation and distribution of rainfall and availability of computing facilities that can compute the highest resolution weather and climate models (with all physical parameterizations from local to large spatial scales). An alternative approach is to derive certain physical variable that combine the influence of large and local scales atmospheric flows on the formation and distribution of rainfall. Physical variable such as potential vorticity (PV) which is conserved as it moves across grid points and obeys invertibility principles can be used to describe the impact of large and local scale features on the formation and distribution of rainfall.
The concept of PV has a long standing history in the study of fluid dynamics. It has been used in meteorology and oceanography for many years back; dating the work of pioneers such as (Bjerknes, 1898a ,b, Rossby, 1939 Ertel, 1942) . This concept has many applications in meteorology, oceanography and aerodynamics, for detailed review on the usefulness of this concept, the reader may consult Hoskins et al. (1985) . PV can be used to explain all dynamic and thermal conditions of atmospheric flow on scales smaller than meso-scale. Indeed, PV can capture all the dynamics and thermal conditions of the atmospheric flow to the lower limit to the fineness of the structures that may occur, all the way down to the length scales on which molecular diffusion acts (Hoskins et al., 1985) . Furthermore, PV is a fundamental physical variable in understanding atmospheric balanced flow and basic dynamical processes (McIntyre, 2015) . Many important synoptic scale processes can be understood within the framework of PV (Hoskins et al, 1985) . PV is conservative and is subject to inevitability principle for adiabatic reversible and frictionless motion of dry air (Marquet, 2014) . It carries all the necessary dynamic information about the balanced wind and mass fields. In other words, PV distribution and suitable temperature distribution at the lower atmosphere boundary is sufficient to deduce, diagnostically, all other dynamical fields such as winds, temperature, geopotential heights, static stabilities and vertical velocities, under a suitable balance condition. According to Haynes and McIntyre (1986) , even under diabatic heating, frictional and other forces, PV cannot be transported across any isentropic surface, it can neither be created nor destroyed within a layer bounded by two isentropic surfaces but it can be advected as a conserved scalar quantity.
In spite of the fundamental usefulness of the 'PV thinking', already described above, it has not yet been used in operational weather forecasting community. There are many possible reasons for this, including firstly, a lack of awareness of the utility of PV in atmospheric studies and secondly, lack of diagnostic studies that can demonstrate that PV can provide useful information that is difficult to obtain via more traditional means. The main purpose of this paper is to address the second reason.
The PV function of any real atmospheric variable may be defined as
, where density of air, is the absolute vorticity and ∇( ) is three dimensional gradient of .
The prognostic equation of PV in a hydrostatic atmosphere is written as
In meteorology ψ is taken to be the potential temperature, although it can be equally well taken to be the specific entropy or any other function of potential temperature (Hoskins et al., 1985) . The original Ertel's dry air formulation indeed corresponds to the case ψ=θ, where the dry-air potential temperature is equal to
Substituting, by in equation 1, results into the original Ertel (1942) PV formulation
The above PV formulation is often used to study the thermodynamic properties of moist atmosphere, though it is based on and not on a moist counterpart (Marquet, 2014) . Nevertheless, Ertel PV is not conserved when latent heat release is taken into account in a moist atmosphere (Cao & Cho, 1995; Mofor & Lu, 2008) . Replacing by in equation 2, results
Since can be expressed as a function of total density and total pressure only, according to the equation of state for the dry-air,
its use as thermodynamic variable in computation of PV leads to the annihilation of the solenoidal term in the first line in the R.H.S of equation 5 (Schubert et al., 2001; Marquet, 2014) . Marquet (2014) argue that, for adiabatic, reversible and frictionless motions of dry air, the second line in the R.H.S of equation 5 also cancels out. This is due to the fact that the term depends on the material derivative of and is equal to zero since the dry air entropy = ( ) + C corresponds to the property = = 0. The last term of equation 5 depends on the curl of the friction force and it vanishes for frictionless motion. Therefore the material derivative of equation 5 is zero for, = and during the reversible, adiabatic and frictionless motion of a parcel of dry air.
In order to avoid these drawbacks, moist version of the potential vorticity was first defined by Bennetts and Hoskins (1979) as.
where is replaced with equivalent potential temperature . However, Schubert et al (2001) have argued that MPV is conservative only in moist adiabatic and frictionless processes. Indeed, various moist formulations of PV have been built and equation 1 tested, with ψ replaced by any of the wet bulb ( ), moist entropic ( * ), and virtual potential temperatures ( ). However, the atmosphere is non-uniformly saturated; therefore none of the above mentioned potential temperatures fulfil the demand to verify, at the same time, a moist and dry air conservative property and an invertibility principle.
To overcome that drawback, Gao et al. (2004) derived a Generalized Moist Potential Vorticity (GMPV) by replacing with a Generalized Potential Temperature (GPT) * , where GPT is written as * ( , , ) = .
, where and is the specific humidity and saturated specific humidity respectively, is a condensation probability function. It is noticeable that in the case of absolutely dry atmosphere where = 0, equation 9 reduces to * ( , , ) = , while in completely saturated atmosphere where = it reduces to * ( , , ) = = . In more realistic atmosphere which is neither saturated nor un-saturated, the introduction of condensation probability function fixes the discontinuity of latent heat term due to the impact of water phase changes in the thermodynamic equation. Therefore a smooth transition from completely dry atmosphere and saturated atmosphere is achieved through the change of specific humidity from to . The GPT has been successfully tested in computation of MPV (e.g. Gao et al., 2004; Mofor & Lu, 2008; Shuai et al., 2014) , and found the solenoidal term does not cancel out in the MPV tendency equation. However, Gao et al (2004) noted some limitations of applicability of the condensation density function in regions of no condensation or lower relative humidity conditions.
More recently Marquet (2014) derived a new MPV using a specific entropy formulation expressed in terms of moist-air entropy potential temperature( ) as:
, is valid for a general mixing of dry air, water vapour and all possible condensed water species. It is mentioned in Marquet (2014) that verifies the same conservative properties as the moist entropy, even for varying dry air or total water content. The moist formulation for is equal to the dry formulation if dry air is considered and it verifies new properties valid for the moist air cases, both saturated or under-saturated ones. Based on the literature, reviewed in this study, moist air entropy potential temperature is the only one which represents the moist-air entropy in all circumstance, including in non-adiabatic and very moist regions. For these reasons, only MPV computed from replacing with in equation 1 should be used to represent the moist-air PV in the moist lower troposphere. apr.ccsenet.org Applied Physics Research Vol. 9, No. 5; 2017 However, MPV has its own dynamic limitations (Ratana et al., 2013) . It does not contain vorticity along the isentropic surfaces and thus cannot reflect atmospheric vorticity in three dimensions (Ratana et al., 2013) . In large scale atmospheric flow the absolute vorticity and gradient of temperature are nearly vertical. This makes the MPV dominant parameter to describe large scale convective systems. The vorticity along the horizontal isentropic surfaces is ignored. This vorticity is not important in development of large scale convective systems. In mesoscale convective systems the isentropic surfaces becomes nearly vertical when convection and latent heat release is taken into account (Ratana et al., 2013) . The potential temperature gradient becomes nearly horizontal. MPV therefore can represent vorticity perpendicular to isentropic surface and remove the vorticity along isentropic surface.
In meso scale convective system the ignored vertical component of vorticity play a profound role in development and formation of rainfall events. Moreover, the Coriolis parameter is very small over the tropics such that equatorial flows, especially two dimensions equatorial flows may not be explained by any version of MPV as Gao et al (2004) argued. Zi-feng and Hui, (2012) indicated that MPV is mainly in the horizontal direction over the tropics since the vertical gradient of temperature is small compared to the horizontal gradient of temperature. Gao et al (2004) suggested the use of Convective Vorticity Vector (CVV) while studying deep convection over the tropics. However CVV is defined using the gradient of equivalent potential temperature which is conserved only under moist adiabatic and frictionless atmospheric flow (Luhunga et al., 2016) . Since the atmosphere is nonuniformly saturated, CVV cannot be used to study non-uniformly saturated atmospheric flow and fulfill at the same time the dry air and moist air conservative property (Luhunga et al., 2016) .
In this study the Moist Potential Vorticity Vector (MPVV) defined as the cross product of absolute vorticity and the gradient of moist air entropic potential temperature is analyzed on its ability to diagnose the occurrence of rainfall events over different regions in Tanzania. The most important advantage of MPVV is the coupling of horizontal isentropic and the absolute vorticity that obey the law of conservation of angular momentum. It is expected that MPVV can detect the areas received rainfall events over different regions in Tanzania. Furthermore the magnitude of the MPVV that include the three components of MPVV is anticipated to describe the location received rainfall correctly.
Data and Methodology
The Weather Research and Forecasting (WRF) model, jointly developed by the National Oceanic and Atmospheric Administration (NOAA) and National Centre for Atmospheric Research (NCAR) was used in this study. The WRF model is a non-hydrostatic mesoscale NWP model, fully compressible and has terrain following sigma coordinates (Ratna et al., 2013) . It features multiple dynamical cores, a 3-dimensional variation and 4-dimensional (3DVAR and 4DVAR) data assimilation system, and a software architecture allowing for computational parallelism and system extensibility. WRF is suitable for a broad spectrum of applications across scales ranging from meters to thousands of kilometres (Wang et al., 2008) . The WRF model was forced with initial and boundary conditions from the National Centre for Environmental Prediction (NCEP) global forecast system (GFS) dataset with a (0.5 o x0.5 o ) space resolution. The input data have a time interval of three hours. The simulations were initiated at 00h UTC and run for 48 hours ahead and output was archived for every 1 hour. The model was set to simulate dynamic and thermodynamic meteorological variables that include wind speeds (zonal, meridional and vertical components), temperature, and relative humidity at different pressure levels. These data were used to compute MPVV at 925, and 850hPa pressure levels.
Description of the Diagnosis of Rainfall Events

Analysis
The first variable in MPVV computation is the moist-air entropy potential temperature , defined by Marquet (2011) as
where ( ) is written as
Λ = ≈ 5.87 is a key quantity. It depends on the standard entropies of water vapour and dry air ( ) and ( ) (Marquet, 2011) . ( ) is a good approximation of . For detailed derivation of please refer to (Marquet, 2011 (Marquet, , 2014 (Marquet, , 2015 . The second variable used in MPVV computation is the air density which is defined as
where is atmospheric pressure at reference level, is atmospheric pressure (in Pa) at different level, is specific gas constant for dry air ( , ) is potential temperature and = , is specific heat capacity at constant pressure. The third variable used in MPVV computation is the absolute vorticity defined as
where relative vorticity ( ) is defined as − + ( ), is the radius of the earth and is the latitude, is the coriolis parameter defined as = 2Ω ( ), u and v are the zonal and meridional wind components, respectively and z is the vertical distance.
, can now be defined as 
Considering the hydrostatic equilibrium ⁄ = − ⁄ , Eq.15 can be re-written as Vertical component
where D is divergence term, x and y are, respectively, the zonal and meridional distances
The magnitude of is written as
It should be noted that all the components and the magnitude of MPVV includes both the dynamic and thermodynamic parameters. This makes them important in describing any atmospheric flows, particularly those associated with the formation of rainfall events.
Results and Discussion
The Rainfall Incidence on 8 th May 2017 and Disastrous Impacts
On 8 (Figure 2 ). These clouds are convective low level clouds that may have influenced the heavy rainfall events over the northern coast of Tanzania. Heavy rainfall that influenced devastating and catastrophic flooding events were reported in Tanga where major transport networks were destroyed by floods and about seven people were officially reported dead due to their homes being covered with water. Many vehicles in Tanga were found covered with sandstone, tree branches and stones. The analysis of synoptic system presented in Figure 3 indicates that on the 8 th May 2017, a clear northerly trough at 850 hPa was situated over the Indian Ocean close to the Coast of Somalia. This trough strengthened on the 9 th of May 2017 (Figure 3b ) and influenced development of strong convection over the regions of the Northern Coast of Tanzania and over the Islands of Zanzibar. The north easterlies and south easterlies flow of the wind coupled with high relative humidity over the Northern Coast of Tanzania and the Island of Zanzibar (Figure 4) influenced the heavy rainfall events over those areas. The existence of the trough was also seen over the Lake Victoria basins. This influenced convective activities over those areas. 
WRF forecast
The WRF model indicated strong rainfall signal over northern coast of Tanzania ( Figure 5 ).
MPVV Forecast
In this study the analysis to test the usefulness of MPVV as a diagnostic variable of rainfall events over different regions in Tanzania is presented. Figure 5 presents the distribution of 24-hour cumulated rainfall over different regions in Tanzania as forecasted by the WRF model on the 08/5/2017. From this figure, it can be seen that rainfall is distributed over the northern coast, northeastern highlands, northern, western regions, parts of southern regions and southwestern highlands. Heavy rainfall of more than 50mm was forecasted over northern coast and over the island of Zanzibar. The forecasted 24 hour cumulated rainfall from the WRF partly collocated with rainfall estimate from satellite observation ( Figure 5 ). However, satellite estimates indicated that the entire coastal region received rainfall. Heavy rainfall was estimated over the northern coast similar to WRF forecast.
The distribution of MPVV (Fig 7 and 8) 
Conclusion and Recommendation
In this study, we presented the utility of MPVV in diagnosis of rainfall events over different regions of Tanzania.
The main purpose of the paper was to compute MPVV and compare the maps of MPVV with forecasted rainfall from WRF and validate with rainfall estimates from satellite observations. One case study happened from 08 The MPVV was computed using the gradient of moist air entropy potential temperatures defined by Marquet (2011 and 2014) . This temperature is conservative under dry and moist atmosphere. The variables used in computation of MPVV were derived from the Weather Research and Forecasting (WRF). Dynamical variables and thermodynamic variables (wind speed, temperatures, relative humidity, and atmospheric pressure) at 1000hPa, and 850hPa were used to compute MPVV at 925hPa. Moreover, wind speed, temperatures, relative humidity, and atmospheric pressure at 925hPa, and 800hPa were used to compute MPVV at 850hPa.
It is important to note that the MPVV presented in this study are from two levels (925hPa and 850hPa). This is due to the fact that the rainfall event on 8 th of May 2017 was associated with low level winds and convection was possibly dominated by mechanical zonal wind shears.
The presented results suggest that MPVV can serve as a diagnostic variable of rainfall events, especially heavy rainfall event over different regions in Tanzania. The magnitude of MPVV and the zonal component locate better the areas received rainfall when compared to the meridional component. The vertical component (not shown) indicated the areas received rainfall with maximum values of MPVV. Maximum values of MPVV over the coastal regions were found to coincide with the region received heavy rainfall. This was observed over Tanga and Zanzibar. It should be noted that the areas with maximum values of MPVV do not necessarily coincide with areas received heavy rainfall. It depends on the availability of enough moisture over the area. MPVV will indicate the areas with instability by maximum values. The instability may result to rainfall if there is enough moisture. This has been seen in this study, where over the southern coast of Tanzania where there is maximum values of MPVV from all the components received lower rainfall when compared to the northern coast where maximum values of MPVV associated with high amount of moisture coincided with the region received heavy rainfall. The utility of MPVV therefore is to indicate areas of potential convection, the forecaster need to diagnose the possible source of convection using MPVV maps and compare with moisture maps in diagnosis of rainfall. Furthermore, although there is a good relationship between the spatial distribution of MPVV and rainfall but there is a need to explore the correlation of MPVV with the rainfall intensity to develop robust mathematical relations between MPVV and rainfall. Moreover, there is a need to conduct more research on the usefulness of MPVV in detecting areas received rainfall. apr.ccsenet.org Applied Physics Research Vol. 9, No. 5; 2017 
